A large body of evidence from the past decade supports the existence, in membrane from animal and yeast cells, of functional microdomains playing important roles in protein sorting, signal transduction, or infection by pathogens. In plants, as previously observed for animal microdomains, detergent-resistant fractions, enriched in sphingolipids and sterols, were isolated from plasma membrane. A characterization of their proteic content revealed their enrichment in proteins involved in signaling and response to biotic and abiotic stress and cell trafficking suggesting that these domains were likely to be involved in such physiological processes. In the present study, we used 14 N/ 15 N metabolic labeling to compare, using a global quantitative proteomics approach, the content of tobacco detergent-resistant membranes extracted from cells treated or not with cryptogein, an elicitor of defense reaction. To analyze the data, we developed a software allowing an automatic quantification of the proteins identified. The results obtained indicate that, although the association to detergent-resistant membranes of most proteins remained unchanged upon cryptogein treatment, five proteins had their relative abundance modified. Four proteins related to cell trafficking (four dynamins) were less abundant in the detergent-resistant membrane fraction after cryptogein treatment, whereas one signaling protein (a 14-3-3 protein) was enriched. This analysis indicates that plant microdomains could, like their animal counterpart, play a role in the early signaling process underlying the setup of defense reaction. Furthermore proteins identified as differentially associated to tobacco detergent-resistant membranes after cryptogein challenge are involved in signaling and vesicular trafficking as already observed in similar studies performed in animal cells upon biological stimuli. This suggests that the ways by which the dynamic association of proteins to microdomains could participate in the regulation of the signaling process may be conserved between plant and animals.
The plasma membrane of eukaryotes delineates the interface between the cell and the environment. Thus it is particularly involved in environmental signal recognition and their transduction into intracellular responses, playing a crucial role in many essential functions such as cell nutrition (involving transport of solutes in and out of the cell) or response to environmental modifications (including defense against pathogens).
Over the last 10 years, a new aspect of the plasma membrane organization has arisen from biophysical and biochemical studies performed with animal cells. Evidence has been given that the various types of lipids forming this membrane are not uniformly distributed inside the bilayer but rather spatially organized (1) . This leads in particular to the formation of specialized phase domains, also called lipid rafts (2, 3) . Recently a consensus emerged on the characteristics of these domains. Both proteins and lipids contribute to the formation and the stability of membrane domains that should be called "membrane rafts" and are envisaged as small (10 -200-nm), heterogeneous, highly dynamic, sterol-and sphingolipid-enriched domains that compartmentalize cellular processes (4) . Small rafts can sometimes be stabilized to form larger platforms through protein-protein and protein-lipid interactions (5) . Because of their particular lipidic composition (enrichment in sterol, sphingolipids, and saturated fatty acids), these domains form a liquid ordered phase inside the membrane. This structural characteristic renders them resistant to solubilization by non-ionic detergents, and this property has been widely used to isolate lipid rafts as detergent-resistant mem-branes (DRMs) 1 for further analysis (1) . The most important hypothesis to explain the function of these domains is that they provide for lateral compartmentalization of membrane proteins and thereby create a dynamic scaffold to organize certain cellular processes (5) . This ability to temporally and spatially organize protein complexes while excluding others conceivably allows for efficiency and specificity of cellular responses. In yeasts and animal cells, the association of particular proteins with these specialized microdomains has emerged as an important regulator of crucial physiological processes such as signal transduction, polarized secretion, cytoskeletal organization, generation of cell polarity, and entry of infectious organisms in living cells (6) . Much of the early evidence for a functional role of lipid rafts came from studies of hematopoietic cells in which multichain immune receptors including the high affinity IgE receptor (FcRI), the T cell receptor, and the B cell receptor (BCR) translocate to lipid rafts upon cross-linking (7) . Moreover this signaling involves the relocalization of several proteins; for instance the ligation of the B cell antigen receptor with antigen induced a dissociation of the adaptor protein ezrin from lipid rafts (8) . This release of ezrin acts as a critical trigger that regulates lipid raft dynamics during BCR signaling.
In plants, the investigations of the presence of such microdomains are very recent and limited to a reduced number of publications (for a review, see Ref. 9) . A few years ago, Peskan et al. (10) reported for the first time the isolation of Triton X-100-insoluble fractions from tobacco plasma membrane. Mongrand et al. (11) provided a detailed analysis of the lipidic composition of such a detergent-resistant fraction indicating that it was highly enriched in a particular species of sphingolipid (glycosylceramide) and in several phytosterols (stigmasterol, sitosterol, 24-methylcholesterol, and cholesterol) compared with the whole plasma membrane from which it originates. Similar results were then obtained with DRMs prepared from Arabidopsis thaliana cell cultures (12) and from Medicago truncatula roots (13) . So the presence in plant plasma membrane of domains sharing with animal rafts a particular lipidic composition, namely strong enrichment in sphingolipids together with free sterols and sterol conjugates, the latter being specific to the plant kingdom (11, 13) , now seems established. In plant only a few evidences suggest in vivo the role of dynamic clustering of plasma membrane proteins, and they refer to plant-pathogen interaction. A cell biology study reported the pathogen-triggered focal accumulation of components of the plant defense pathway in the plasma membrane (PM), a process reminiscent of lipid rafts (14) . Consistently a proteomics study of tobacco DRMs led to the identification of 145 proteins among which a high proportion were linked to signaling in response to biotic stress, cellular trafficking, and cell wall metabolism (15) . This suggests that these domains are likely to constitute, as in animal cells, signaling platforms involved in such physiological functions.
Cryptogein belongs to a family of low molecular weight proteins secreted by many species of the oomycete Phytophthora named elicitins that induce a hypersensitivity-like response and an acquired resistance in tobacco (16) . To understand molecular processes triggered by cryptogein, its effects on tobacco cell suspensions have been studied for several years. Early events following cryptogein treatment include fixation of a sterol molecule (17, 18) ; binding of the elicitor to a high affinity site located on the plasma membrane (19) ; alkalinization of the extracellular medium (20) ; efflux of potassium, chloride, and nitrate (20, 21) ; fast influx of calcium (22); mitogen-activated protein kinases activation (23, 24) ; nitric oxide production (25, 26) ; and development of an oxidative burst (27, 28) . We previously identified NtrbohD, an NADPH oxidase located on the plasma membrane, as responsible for the reactive oxygen species (ROS) production occurring a few minutes after challenging tobacco Bright Yellow 2 (BY-2) cells with cryptogein (29) . The fact that most of these very early events involve proteins located on the plasma membrane and that one of them, NtrbohD, has been demonstrated as exclusively associated to DRMs in a sterol-dependent manner (30) prompted us to analyze the modifications of DRM proteome after cryptogein treatment. In the present study, we aimed to confirm the hypothesis that, as observed in animal cells, the dynamic association to or exclusion of proteins from lipid rafts could participate in the signaling process occurring during biotic stress in plants.
To achieve this goal, we had to set up a quantitative assay allowing a precise comparison of the amounts of each protein in DRMs extracted from either control or cells treated with cryptogein. Among several technologies, we excluded DIGE (31) , recently used to analyze whole cell proteome variations in plants (32) (33) (34) , because membrane proteins are poorly soluble in the detergents used for two-dimensional electrophoresis; this limitation is all the more marked for proteins selected on the basis of their insolubility in non-ionic detergent, the criteria for DRMs isolation. Stable isotope labeling of proteins or peptides combined with MS analysis represents alternative strategies for accurate, relative quantification of proteins on a global scale (35, 36) . In these approaches, proteins or peptides of two different samples are differentially labeled with stable isotopes, combined in an equal ratio, and then jointly processed for subsequent MS analysis. Relative quantification of proteins is based on the comparison of signal intensities or peak areas of isotope-coded peptide pairs extracted from the respective mass spectra. Stable isotopes can be introduced either chemically into proteins/peptides via derivatization of distinct functional groups of amino acids or metabolically during protein biosynthesis (for a review, see Ref. 37) . Metabolic labeling strategies are based on the in vivo incorporation of stable isotopes during growth of organisms. Nutrients or amino acids in a defined medium are replaced by their isotopically labeled ( 15 N, 13 C, or 2 H) counterparts eventually resulting in uniform labeling of proteins during the processes of cell growth and protein turnover (38) . As a consequence, differentially labeled cells or organisms can be combined directly after harvesting. This minimizes experimental variations due to separate sample handling and thus allows a relative protein quantification of high accuracy. 14 N/ 15 N labeling has been recently proved to be suitable for comparative experiments performed with whole plants (39 -42) and in plant suspension cells where the level of incorporation is equal to the isotopic purity of the salt precursor (43, 44) . It has been used successfully to analyze some variations induced in A. thaliana plasma membrane proteome following heat shock (45) or cadmium exposure (46) and to compare phosphorylation levels of plasma membrane proteins after challenge of Arabidopsis cells with elicitors of defense reaction (47) . In the present study, we used a mineral 14 N/ 15 N metabolic labeling of tobacco BY-2 cells before treatment with cryptogein and subsequent isolation of DRMs. The DRM proteins were further analyzed by one-dimensional SDS-PAGE and digested by trypsin, and peptides were subjected to microcapillary high performance LC-MS/MS (nano-LC-MS/MS). This metabolic method allowed a complete labeling of the proteome, and consequently a major drawback of this method is probably the difficulty to perform an exhaustive analysis of the very large amount of data generated. To solve this problem, a new quantification module of the MFPaQ software (48) was developed, allowing the automatic quantification of the identified peptides. The results derived from the program were validated through a comparison with manual quantification. Thus, we achieved the complete analysis of the DRM proteome variation and identified four proteins whose abundance in DRMs was decreased and one that was enriched in DRMs upon elicitation. The biological relevance of these results, which indicate that, in plant as in animals, the dynamic association of proteins to membrane domains is part of a signaling pathway, will be further discussed. ROS Determination-Cells were harvested 6 days after subculture, filtered, and resuspended (1 g for 10 ml) in a 2 mM MES buffer, pH 5.90, containing 175 mM mannitol, 0.5 mM CaCl 2 , and 0.5 mM K 2 SO 4 . After a 3-h equilibration on a rotary shaker (150 rpm) at 25°C, cells were treated with 50 nM cryptogein. The production of ROS was determined by chemiluminescence using luminol and a luminometer (BCL Book). Every 10 min, a 250-l aliquot of the cell suspension was added to 50 l of 0.3 mM luminol and 300 l of the assay buffer (175 mM mannitol, 0.5 mM CaCl 2 , 0.5 mM K 2 SO 4 , and 50 mM MES, pH 6.5).
EXPERIMENTAL PROCEDURES

Materials
Preparation and Purity of Tobacco Plasma Membrane-All steps were performed at 4°C. Cells were collected by filtration, frozen in liquid N 2 , and homogenized with a Waring Blendor in grinding medium (50 mM Tris-MES, pH 8.0, 500 mM sucrose, 20 mM EDTA, 10 mM DTT, and 1 mM PMSF). The homogenate was centrifuged at 16,000 ϫ g for 20 min. After centrifugation, supernatants were collected, filtered through two successive screens (63 and 38 m), and centrifuged at 96,000 ϫ g for 35 min. This microsomal fraction was purified by partitioning in an aqueous two-phase system (polyethylene glycol 3350/dextran T-500; 6.6% each) to obtain the plasma membrane fraction (50) . Marker activities used to evaluate the contamination of the plasma membrane fraction were as follows: azide-sensitive ATPase activity at pH 9 for mitochondria, nitrate-sensitive ATPase activity at pH 6 for tonoplast, antimycin-insensitive NADH cytochrome c reductase for endoplasmic reticulum, and analysis of lipid monogalactosyldiacylglycerol contents for chloroplasts (11) .
Isolation of Detergent-resistant Membranes-Plasma membranes were resuspended in a buffer A containing 50 mM Tris-HCl, pH 7.4, 3 mM EDTA, and 1 mM 1,4-dithiothreitol and treated with 1% Triton X-100 (w/v) for 30 min on ice with very gentle shaking every 10 min. Solubilized membranes were placed at the bottom of a centrifuge tube and mixed with 60% sucrose (w/w) to reach a final concentration of 48% (w/w) and overlaid with a discontinuous sucrose gradient (40, 35, 30 , and 20%, w/w). After a 20-h centrifugation at 100,000 ϫ g, a ring of Triton X-100-insoluble membranes was recovered at the 30 -35% interface, diluted in buffer A, and centrifuged for 4 h at 100,000 ϫ g. The pellet was resuspended in buffer A, and protein concentrations were determined using the Bradford reagent with BSA as the standard.
Protein Separation by SDS-PAGE-DRM proteins were solubilized in a buffer consisting of 6 M urea, 2.2 M thiourea, 5 mM EDTA, 0.1% SDS, 2% N-octyl glucoside, and 50 mM Tris-HCl. Samples were first incubated at room temperature for 15 min and then in a sonic bath for another 15 min. After a centrifugation at 16,000 ϫ g for 15 min, no pellet was observed. An aliquot of solubilized proteins (15 g) was added to Laemmli buffer before being deposited on an 8% acrylamide gel and separated by SDS-PAGE. Proteins were visualized by Coomassie Blue staining. Each lane was systematically cut into 20 bands of similar volume for MS/MS protein identification.
Protein Digestion-Each band was incubated in 25 mM ammonium bicarbonate and 50% ACN until destaining. Gel pieces were dried in a vacuum SpeedVac (45°C), further rehydrated with 30 l of a trypsin solution (10 ng/l in 50 mM NH 4 HCO 3 ), and finally incubated overnight at 37°C. The resulting peptides were extracted from the gel as described previously (51) . The trypsin digests were dried in a vacuum SpeedVac and stored at Ϫ20°C before LC-MS/MS analysis.
Nano-LC-MS/MS Analysis-The trypsin digests were separated and analyzed by nano-LC-MS/MS using an Ultimate 3000 system (Dionex, Amsterdam, the Netherlands) coupled to an LTQ-Orbitrap mass spectrometer (Thermo Fisher Scientific, Bremen, Germany). The peptide mixture was loaded on a C 18 precolumn (300-m-inner diameter ϫ 15 cm PepMap C 18 , Dionex) equilibrated in 95% solvent A (5% acetonitrile and 0.2% formic acid) and 5% solvent B (80% acetonitrile and 0.2% formic acid). Peptides were eluted using a 5-50% gradient of solvent B during 80 min at 300 nl/min flow rate. The LTQ-Orbitrap was operated in data-dependent acquisition mode with the Xcalibur software (version 2.0.6, Thermo Fisher Scientific). Survey scan MS spectra were acquired in the Orbitrap on the 300 -2000 m/z range with the resolution set to a value of 60,000. The five most intense ions per survey scan were selected for CID fragmentation, and the resulting fragments were analyzed in the linear trap (LTQ). Dynamic exclusion was used within 60 s to prevent repetitive selection of the same peptide. To automatically extract peak lists from Xcalibur raw files, the ExtractMSN macro provided with Xcalibur was used through the Mascot Daemon interface (version 2.2.0.3, Matrix Science, London, UK). The following parameters were set for creation of the peak lists: parent ions in the mass range 400 -4500, no grouping of MS/MS scans, and threshold at 1000. A peak list was created for each fraction analyzed (i.e. gel slice), and individual Mascot searches were performed for each fraction.
Database Search-MS/MS spectra were processed by Mascot against a subset of SOL Genomic Networks (SGN; download November 2007), which is an integrated genome database for Solanacae (52) . The Unigene subset of this database is built by assembling together in contigs expressed sequence tag sequences that are ostensibly fragments of the same gene. We put together the tomato (Lycopersicum esculentum) and tobacco (N. tabacum) Unigene sequences in our database subset (60,227 entries). Tomato expressed sequence tags were selected for two reasons: because of the phylogenetic closeness between the genus Nicotiana and the genus Lycopersicum on the one hand and for the great number of entries in the database (34,829) on the other hand.
The following search parameters were applied: trypsin as cleaving enzyme, "ESI-Trap" as instrument, peptide mass tolerance of 10 ppm, MS/MS tolerance of 0.5 Da, and one missed cleavage allowed. Methionine oxidation and asparagine and glutamine deamination were chosen as variable modifications. 15 N metabolic labeling was chosen as a quantitative method for Mascot database searching, allowing identification of labeled and unlabeled peptides within the same database search.
Bioinformatics Analysis-We used the MFPaQ program (48) version 4 to validate the data. This software is a Web application that allows fast and user-friendly verification of Mascot result files as well as data quantification using either isotopic labeling or label-free methods. It provides an interactive interface with Mascot results. It is based on three modules, the Mascot File Parser module, the quantification module, and a third module designed for differential analysis in which validated protein lists are compared. Version 4 of the program has a new data storage system (based on SQLite) and an improved quantification module that now handles the 15 N labeling approach. The module is compatible with LTQ-Orbitrap .raw files and .mzXML files. Because the software is written in the Perl programming language, it may be installed on a wide range of operating systems (it has only been tested under Windows XP/2003 and Linux Ubuntu). An automated installer (for the Windows platform) and the source code of this release are available for download from the MFPaQ Website.
The protein validation was performed according to user-defined criteria based on the number, score, and rank of identified peptides. A protein has been validated if it has at least one top ranking peptide with a score greater than 48 (p value Ͻ0.001), two top ranking peptides with a score greater than 35 (p value Ͻ0.03), or three top ranking peptides with a score greater than 31 (p value Ͻ0.1). The above criteria were adjusted to obtain a false positive rate of about 1% at the protein level. To evaluate the false positive rate in these large scale experiments, all the initial database searches were performed using the "decoy" option of Mascot, i.e. the data were searched against a combined database containing the real specified protein sequences (target database) and the corresponding reversed protein sequences (decoy database). MFPaQ used the same criteria to validate decoy and target hits, computed the false discovery rate (FDR ϭ number of validated decoy hits/(number of validated target hits ϩ number of validated decoy hits) ϫ 100) for each gel slice analyzed, and calculated the average of FDR for all slices belonging to the same gel lane (i.e. to the same sample). The FDRs found for the analysis of samples A and B were 1 and 1.2%, respectively.
The MFPaQ software is able to detect highly homologous Mascot protein hits, i.e. proteins identified with some top ranking MS/MS queries also assigned to another protein hit of higher score (i.e. red, non-bold peptides). These homologous protein hits have been validated only if they have been additionally assigned a specific top ranking (red and bold) peptide of score higher than 48.
The MFPaQ quantification module has been improved to handle the 15 N labeling approach. The MS data processing and the results obtained using this quantification module are presented under "Results."
RESULTS
Characterization of Biological Material-Metabolic
15 N labeling was achieved by growing BY-2 cells on a basal salt medium containing 15 To control that the physiological responses were not affected by the isotope labeling and were comparable in the different experiments, a typical marker of elicitation, the production of ROS, was monitored during 90 min on aliquots of cells. As indicated in Fig. 1 , both kinetics and intensity of ROS production were similar in the two experiments particularly in the early phase (0 -30 min). Our purpose was to test the dynamics of protein association/dissociation to DRMs during cryptogein-induced signal transduction. As this kind of event typically occurs upstream of the signaling pathways, cell metabolism was stopped by freezing after 5 min of cryptogein treatment, which corresponds to the onset on ROS production (Fig. 1 . Each of these samples was submitted to subcellular fractionation, leading to DRM isolation according to the procedure indicated in Fig. 2 . We selected the conventional phase partition procedure to obtain a highly enriched PM fraction. Typical preparations were enriched by a factor of 7-8 in the PM marker vanadatesensitive ATPase activity compared with the starting material consisting of a crude microsomal fraction. Biochemical characterization of this PM fraction revealed that it was virtually free of mitochondrial contamination. Endoplasmic reticulum marker enzyme was depleted by a factor 8, and tonoplast was depleted by a factor 20 between microsomes and PM. These results indicate that the contamination by other endomembranes was low, and thus the PM fraction constitutes a suitable starting material for extraction of DRMs and for further proteomics analysis. It is well known that, in biological membranes, the formation of microdomains correlates with resistance to solubilization by non-ionic detergents, and this property has been widely used for biochemical characterization of these domains (1) . Here plasma membranes were incubated at 4°C with Triton X-100 (final concentration, 1%) at a detergent/protein ratio of 15, previously established as the most suitable for DRM extraction from this material (11) . In these conditions, the amount of proteins recovered in the DRM fraction was around 5% (w/w) of the initial quantity present in the plasma membrane fraction.
Identification and Quantification of BY-2 DRM Proteins by Mass Spectrometry-Tobacco plasma membrane DRMs were found to be soluble in a buffer consisting of both nonionic (N-octyl glucoside) and ionic (SDS) detergents and high concentration of chaotropic agents. As sample complexity rendered a prefractionation necessary, we then chose to separate the protein mixture by one-dimensional electrophoresis (SDS-PAGE) (Fig. 2) . This separation also made samples compatible with subsequent LC-MS/MS analysis. The electrophoresis lane was cut into 20 pieces, and digests obtained from each piece after trypsin addition were separately analyzed by nano-HPLC coupled to an LTQ-Orbitrap mass spectrometer. The raw data were searched by the Mascot software using the SGN database subset of tobacco and tomato contigs (called Unigenes) chosen to improve the number of matching peptides. The redundancy between MS/MS spectra corresponding to the same peptide is managed by the search engine (Mascot). The mass spectrometer thus allowed the identification of 11,540 total peptides among which 2015 were unique (1719 unique peptides for sample A and 1788 for sample B). This led to the identification of 748 Unigenes for sample A and 728 for sample B.
In this study, we used the MFPaQ software to characterize DRM proteins and the variation of protein expression profile in response to cryptogein stimulation. The quantification module of the MFPaQ software (48) has been improved to manage the 15 N labeling strategy. We briefly describe here the algorithm implemented in the module. First, the software extracts Mascot search results obtained using the 15 N metabolic labeling quantitative method. Then labeled and unlabeled peptides are grouped into peptide pairs. If only one of the forms is present, the software automatically computes the number of nitrogens for the corresponding peptide sequence and then predicts the monoisotopic mass of the missing form. Intensities of peptide pairs are then extracted from the MS survey scans of raw data files in batch mode, and heavy/light ratios are computed for each peptide pair. The ratios of all validated peptides are averaged for each protein within a gel slice, and a coefficient of variation is calculated for the ratio of the proteins that have been quantified with several peptides. Peptide ratio outliers for a given protein are automatically excluded from the protein average ratio. The outlier detection method is based on the box plot analysis and used if a minimum of four peptide pairs has been quantified. When a protein is identified and quantified several times in consecutive gel slices, a final protein ratio is computed by averaging the several ratios found for this protein in the different fractions, and a global coefficient of variation is calculated. Finally the program is able to export all of the quantification results including peptide and protein information in Excel spreadsheets.
Automatic analysis using MFPaQ was performed on the peptides identified in the two samples. The distribution of their intensity ratio in treated/control sample (i.e. 15 N/ 14 N for sample A and 14 N/ 15 N for sample B) is presented in Fig. 3 . The median value of the ratio is 1.07 for sample A and 1.10 for sample B.
To validate the results obtained with the software, a manual quantification was performed on a subset of the identification results (585 peptides). The ion currents resulting from 14 N and 15 N monoisotopic peaks of these peptides were measured using the Xcalibur software (version 2.0.6). The peptides were selected if the score Mascot for one of the two isotopes was valid (score Ͼ48). The evaluation of ion current of the other isotope was performed for the exact mass (nearly 5 ppm) and an identical retention time. The quantification was made by calculating, for each peptide, the ratio of peak areas corresponding to the two samples (treated versus control). This manual analysis performed on 585 peptides led to the distri- bution exposed in Fig. 4 . The median value of this distribution is 1.13 giving a difference of 0.06 compared with the value obtained with the software results. It has to be noted that the median value, using automatic quantification results, is 1.15 if it is based on the same peptide subset as the one used for the manual procedure. Thus, both techniques indicate a global medium ratio of intensity in treated/control cells DRMs slightly above 1 and a good coincidence between global data obtained by manual and automatic quantification.
The correlation between the ratios obtained with the two techniques for a single peptide was then examined, calculating the relative difference between the values obtained for 383 peptides common to samples A and B. The result, presented in Fig. 5 , is identical for the two samples and indicated that for 76% of these peptides the relative difference between the two methods is below 10% (and for 90% of them is it below 20%).
We further analyzed the coefficient of variation among the treated/control ratios, calculated by MFPaQ, of the different peptides identifying a single Unigene. As indicated on Fig. 6 , this coefficient of variation is inferior to 0.1 for 60% of the Unigenes and below 0.2 for 85% of them. The mean value of these coefficients for all the Unigenes is 0.13.
In the database used, SGN numbers correspond to contigs that may belong to the same protein. To eliminate this redundancy, we used the "bulk search" tool available on the SGN Website that allows mapping between SGN identifiers and National Center for Biotechnology Information (NCBI) identifying GI numbers. Unigenes corresponding to the same GI number were grouped under the same protein identification. In this way, the final protein lists contain some proteins from other species than those used to build the SGN database subset (N. tabacum and L. esculentum). By applying the rules of elimination of the redundancy described above, we obtained a list of 350 proteins identified and quantified that corresponds to the smallest set of proteins explaining the identified peptides presence (supplemental Data S2 and S3). Only 61% of proteins have been identified and quantified in both experiments A and B. The main reason is the well known bias of LC-MS/MS experiments ("shotgun" analysis) of a peptide sample issued from a complex mixture of proteins with a dynamic range of concentrations comprising several orders of magnitude. If the number of ionized peptides is greater than the mass spectrometer can analyze (because of its sequencing speed) then the peptides in small quantities are not systematically identified. Quite similar results indicating 60% of identified plant DRM proteins found in two independent analyses have been published recently (44) .
The fact that our biological material corresponds to a plant species, the genome of which is not fully sequenced, led us to use the SGN database to increase the amount of identifications. However, this added a supplemental step (described above) of Unigene grouping to reach the final protein identification. We thus further analyzed the suitability of the MFPaQ software by processing our MS/MS spectra directly against the UniProt database (downloaded on October 2008). As expected, the number of identified and quantified proteins was lower (291), but the mean value of the coefficient of variations of the treated/control ratios for the different peptides identifying a single protein was quite similar to the one described above for the Unigenes (data not shown Quantification of Unigenes using MFPaQ led to a similar distribution of individual ratios treated/control in the two samples; the median value is 1.07 for sample A and 1.04 for sample B (Fig. 7) . A similar analysis performed on proteins identified using the UniProt database, thus giving direct protein quantification, yielded quite comparable results (1.075 for sample A and 1.03 for sample B).
In the two samples, 80% of the Unigenes quantified using MFPaQ exhibited a ratio of treated/control close to the median value of the experiment (between 0.8 and 1.4), indicating that the association of most of the proteins to DRMs is not significantly modified by cryptogein. Furthermore a control experiment mixing equally control 15 N-and control 14 N-labeled cells led to a quite similar dispersion of the 15 N/ 14 N ratios; 80% of them were between 0.9 and 1.3.
We thus analyzed the 20% of Unigenes that were out of this set in the two experiments: they were equally distributed in the two samples above (10%) and below (10%) the median value, leading to threshold values that were identical in the two experiments (0.8 for exclusion and 1.4 for enrichment). The Unigenes exhibiting a similar modification of their association to DRMs after cryptogein treatment in the two experiments were then selected and submitted to the procedure of grouping using the "bulk search tool" to eliminate redundancy between Unigenes corresponding to a single protein as described above.
This led to the identification of five proteins: the abundance of four of them decreased in DRMs extracted from cryptogein treated cells, whereas one of them was more abundant in DRMs after elicitation (Table I) and Dynamin-2B), whereas the protein that was more abundant in DRMs after elicitation is a signaling proteins (a 14-3-3 protein).
DISCUSSION
Automatic Procedure for Quantitative Analysis of Protein
Abundance following 15 N/ 14 N Labeling-The number of proteins identified in the present study (350) is higher than the number found in our previous work (15) . This can be explained by the fact that we used a more powerful mass spectrometer (LTQ-Orbitrap) here than in the previously published study (nanospray LCQ Deca XP Plus ion trap mass spectrometer) and that we performed the database search against a Solanacae-specific database allowing a higher level of identification. However, both the identities of proteins and their functional groups are consistent between the two studies; the proteins involved in signaling and response to stress were in both cases the most represented (supplemental data S3). In counterpart, the nano-LC-MS/MS analysis performed on 14 N/ 15 Nlabeled samples generated a large amount of data. This in turn necessitated appropriate bioinformatics tools for data analysis. Here we used the MFPaQ software (48) that was initially developed to perform quantification of ICAT and SILAC experiments. The quantification module has been extended to manage 15 N labeling experiments, and the results obtained with the software were validated by manual assessment on a subset of peptides (Fig. 5) . The results obtained indicate a close correlation between manual and automatic peptide quantification and a low deviation of ratios for peptides identifying a single protein. (55) . It uses Mascot identification results as input and any type of raw files converted to the mzXML format. The Mascot search must be run twice, once against 14 N masses and once against 15 N masses, resulting in two Mascot result files for each raw file that must be subsequently renamed using an external script. Finally the MSQuant program (56), often used for SILAC experiments, can also perform 14 N/ 15 N quantification starting from Mascot results and LTQ-Orbitrap raw files and was recently described for such applications (44) . However, this standalone software also needs extra steps (Mascot results export and conversion using manual configuration and execution of scripts). The MFPaQ software offers a very userfriendly alternative for integrated protein validation and 14 N/ 15 N quantification through a Web browser interface. It can read directly non-processed RAW files from an LTQ-Orbitrap or standard mzXML files and is also well integrated with the Mascot search engine (direct access to the identification results on the Mascot server). MFPaQ provides an interactive interface allowing the user to organize and compile results (59) . Thus, although a deep modification in the composition of lipid raft proteome has been proposed following T cell antigen receptor triggering (60), the above cited studies are in favor of a limited modification of protein association to DRMs upon biological stimulus. This is consistent with our results indicating one protein enriched and four depleted in tobacco DRMs following cryptogein treatment. Moreover enrichment or depletion factors (ranging in our study from 0.4 to 2.1) are in agreement with studies performed in animal cells indicating factors ranging from 0.8 to 1.85 in macrophage DRMs in response to lipopolysaccharides (59), from 0.37 to 3.5 in DRMs from B cells (8) , or from 1.3 to 1.8 in DRMs from human smooth muscles challenged with growth factor (57) . Finally it has to be noted that times of treatment with the biological stimulus in these studies (5 min (8, 59 ) or 15 min (57)) are quite comparable to those used in this study (5 min of cryptogein treatment).
Although metabolic labeling and quantitative proteomics were used to analyze the sterol dependence of protein association to A. thaliana DRMs (44) , only one very recent study has so far been performed to determine the variation of pro- (8) . In a similar manner, histochemical analysis confirmed that some proteins enriched in T cell DRMs after activation were indeed redistributed from cytosol to microdomains of the membrane during this process. All these data seem to confirm the hypothesis that plant microdomains could play, like their animal counterpart, a key role in the signaling process leading to the establishment of cell responses.
Biological Significance of Variations of Protein Content Observed in DRMs of Cryptogein-elicited Tobacco Cells-
The proteins, the abundance of which is modified in DRMs after elicitation of tobacco cells with cryptogein, belong to two functional families: vesicular trafficking and signaling. Similar results have already been obtained in animal cells: upon BCR engagement, apart from proteins corresponding to the BCR complex, all proteins that exhibited modifications of their association to DRMs were linked to the cytoskeleton or vesicle trafficking (8) . Consistently proteins undergoing modification of their association to human smooth muscle cell DRMs after treatment with growth factor are essentially cytoskeletal proteins and endocytosis-related proteins (57) . These two examples come from quantitative proteomics studies of the DRM fraction; however, a huge amount of the data probing the association to DRMs of particular proteins using immunological tools clearly indicates that signal transduction and membrane trafficking are two physiological process essentially linked to DRMs (62) (63) (64) (65) . In tobacco the functional grouping of DRM and plasma membrane proteins indicated that proteins involved in signaling and cell trafficking undergo an increase of their relative importance in DRMs compared with plasma membrane (15) . This suggested that, like their animal counterpart, plant DRMs could be involved in the regulation of such a physiological function, which is confirmed by the results presented in this study.
The fungal elicitor cryptogein has been proven in tobacco cells to trigger numerous physiological events, obviously corresponding to a signaling cascade. Thus, the identification in this study of a DRM-associated protein related to signaling is quite relevant. This protein is a 14-3-3 protein enriched in DRMs after cryptogein treatment. Studies over the past 20 years have proven 14-3-3 to be ubiquitous; it is found in most eukaryotic organisms and tissues (66) . In animals, these proteins play a central role in the regulation of many cellular processes such as control of the cell cycle, differentiation, apoptosis, targeting of proteins to different cellular locations, and coordination of multiple signal transduction pathways (67) (68) (69) (70) . These proteins could achieve such functions by directly regulating the activity of proteins involved in a signal transduction cascade, promoting the formation of multiprotein complexes, or modulating the expression of particular genes by regulating the activity or localization of transcription factors. In a previous study, we used a two-hybrid screen to find proteins able to specifically interact with NtrbohD, the tobacco oxidase that has been proven to be responsible for ROS production in tobacco cells elicited with cryptogein (29) . These experiments led to the isolation of a cDNA encoding a protein belonging to the family of 14-3-3 proteins (Nth14-3-3, AJ309008). When BY-2 cell lines were transformed with antisense constructs of Nth14-3-3, the expression of the antisense transgene was correlated with a strong inhibition of ROS production following elicitation with cryptogein (72) . This demonstrated the involvement of a 14-3-3 protein in the regulation of ROS production. The 14-3-3 protein identified in the present study is extremely close to Nth14-3-3 (89% identity and 94% homology), making quite plausible a functional redundancy between these two isoforms (72) . Indeed the question of the specificity of function of this isoform remains because the tobacco genome comprises 17 isoforms of 14-3-3 proteins, and studies on the binding of different isoforms of 14-3-3 to different isoforms of H ϩ -ATPase in A. thaliana indicated no absolute specificity (73) . However, it has to be noted that among the different isoforms of 14-3-3 identified in this study several exhibited a treated/control ratio above 1.4 in one experiment and slightly below in the other. Thus although we only considered one isoform as strictly above the threshold in the two experiments, the hypothesis of an association of several 14-3-3 proteins to DRMs upon cryptogein treatment cannot be excluded. NtrbohD has been proven to be exclusively associated to the tobacco DRM fraction in a steroldependent manner (30) , and the enrichment in this fraction of a 14-3-3 protein able to act as a positive regulator of this oxidase at a timing corresponding to the onset of ROS production would be particularly biologically relevant.
Recently our group demonstrated that among the very early events triggered by cryptogein a clathrin-mediated endocytosis process occurred 5 min after stimulation (74) . It is thus noteworthy that the four proteins identified as involved in cell trafficking belong to the dynamin-related protein (DRP) family. Dynamins are high molecular weight GTPases that play a central role in dynamics of membrane biogenesis and maintenance in eukaryotic cells that require a constant turnover of membrane constituents mediated by the processes of endo-cytosis and exocytosis (for a review, see Ref. 75) . The basic feature of this group of proteins is that they form helical structures able to wrap around the membranes and either tubulate them or pinch them off of larger membrane sheets. In A. thaliana, DRP1A expressed as a functional DRP1A-GFP fusion protein under the control of its native promoter formed discrete foci at the plasma membrane of root epidermal cells (76) consistent with a localization in membrane domains of this protein. The same study indicated that DRP1A-GFP dynamics are perturbed upon treatment with fenpropimorph, a pharmacological inhibitor of the sterol biosynthetic pathway in plants, or with compounds, such as tyrphostin A23, known to block clathrin-mediated endocytosis. Moreover a null mutant for DRP1A exhibited reduced endocytosis, indicating the involvement of this protein in such a process. DRP1A and DRP1E from A. thaliana share 80% homology, and no clear data are available concerning the physiological role of DRP1E. The DRP2 subfamily is characterized by the presence of a pleckstrin homology domain believed to bind to phosphoinositides with a broad range of specificity and affinity (77) . In recent years, both phosphoinositides and phosphoinositidebinding proteins have been reported to display a restricted, rather than a uniform, distribution across intracellular membranes (78) . A significant enrichment of BY-2 cell DRMs in phosphoinositides species has been observed. 2 Moreover from a functional point of view, recent results obtained in plants indicate a crucial role of phosphatidylinositol in the setup of endocytosis triggered either by salt stress (79) or Rhizobium infection (80) . Finally DRP2A is involved in clathrincoated vesicle trafficking (81) , and a colocalization of this protein with DRP2B has been reported (71) . All these data are consistent both with the localization in tobacco DRMs of these four dynamin-related proteins and with their putative involvement in an endocytotic process already demonstrated in our model at a timing (5 min) in total agreement with the proteomics analysis conducted here. Finally the decrease observed for these proteins in their association to DRMs is, in this context, quite coherent with their internalization concomitant to the vesicle formation. We are currently analyzing further the role of these candidate proteins in the signaling process triggered by the elicitor using reverse genetics.
Conclusion-The development and validation of an automatic procedure for analyzing the data generated after in vivo labeling of tobacco cells allowed a quantitative analysis of the variation of a whole subcellular proteome after stimulation by an elicitor of defense reaction. The discrete variation of association to DRMs of some proteins upon cryptogein treatment indicate that plant microdomains could, like their animal counterpart, play a role in the signaling process underlying the setup of defense reaction in plants. Furthermore proteins identified as differentially associated to tobacco DRMs after cryptogein challenge are involved in signaling and vesicular trafficking as already observed in similar studies performed in animal cells upon biological stimuli. This suggests that the ways by which the dynamic association of proteins to microdomains could participate in the regulation of signaling process may be conserved between plant and animals. Finally this study led to the identification of five putative new actors of the cryptogein signaling pathway. Future investigation will have to determine the position of this dynamics of association to microdomains in the signaling cascade triggered by the elicitor and the precise role of these proteins in this process in link with physiological events already identified.
